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Abstract
For the exploration of flavour physics, b → d penguin processes are an important aspect, with the
prominent example of B¯0d → K
0K¯0. We recently derived lower bounds for the CP-averaged branching
ratio of this channel in the Standard Model; they were found to be very close to the corresponding
experimental upper limits, thereby suggesting that B¯0d → K
0K¯0 should soon be observed. In fact, the
BaBar collaboration subsequently announced the first signals of this transition. Here we point out that
it is also possible to derive lower bounds for B¯ → ργ decays, which are again surprisingly close to the
current experimental upper limits. We show that these bounds are realizations of a general bound that
holds within the Standard Model for b → d penguin processes, allowing further applications to decays
of the kind B± → K(∗)±K(∗) and B± → π±ℓ+ℓ−, ρ±ℓ+ℓ−.
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For the exploration of flavour physics, b → d penguin processes are an important aspect, with
the prominent example of B¯0d → K
0K¯0. We recently derived lower bounds for the CP-averaged
branching ratio of this channel in the Standard Model; they were found to be very close to the
corresponding experimental upper limits, thereby suggesting that B¯0d → K
0K¯0 should soon be
observed. In fact, the BaBar collaboration subsequently announced the first signals of this transition.
Here we point out that it is also possible to derive lower bounds for B¯ → ργ decays, which are
again surprisingly close to the current experimental upper limits. We show that these bounds are
realizations of a general bound that holds within the Standard Model for b → d penguin processes,
allowing further applications to decays of the kind B± → K(∗)±K(∗) and B± → π±ℓ+ℓ−, ρ±ℓ+ℓ−.
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Despite the tremendous progress at the B factories, we
still have few insights into the rare decays that are medi-
ated by b→ d penguin topologies, which represent a key
element in the testing of the quark-flavour sector of the
Standard Model (SM) that is described by the Cabibbo–
Kobayashi–Maskawa (CKM) matrix [1]. An important
example is the decay B¯0d → K0K¯0, which originates
from b → ds¯s flavour-changing neutral-current (FCNC)
processes. Within the SM, these are governed by QCD
penguin-like topologies, so that we may write
A(B¯0d → K0K¯0) ∝ PKKtc
[
1− ρKKeiθKKe−iγ
]
, (1)
where γ is the usual angle of the unitarity triangle of
the CKM matrix, whereas PKKtc and ρKKeiθKK are CP-
conserving hadronic parameters. The latter quantities
not only depend on the penguin topologies with internal
top-quark exchanges, but are also expected to be affected
significantly by those with internal up- and charm-quark
exchanges [2], containing also long-distance rescattering
effects [3]. Consequently, it seems essentially impossible
to calculate PKKtc and ρKKeiθKK in a reliable manner from
first principles, despite theoretical progress [4].
In a recent paper [5], we addressed this problem,
and pointed out that lower bounds for the CP-averaged
branching ratio BR(Bd → K0K¯0) can be derived in the
SM. To this end, we assume that γ = (65± 7)◦, as in the
SM [6], consider ρKK and θKK as “unknown” parameters,
i.e. vary them within their whole physical range, and fix
|PKKtc | with the help of the SU(3) flavour symmetry of
strong interactions. The strategy developed in [7] offers
the following two avenues, using data for
i) B → ππ (b→ d) decays:
BR(Bd → K0K¯0)min = ΞKpi ×
(
1.39+1.54
−0.95
)× 10−6, (2)
ii) B → πK (b → s) decays, complemented by the
B → ππ system to determine a small correction:
BR(Bd → K0K¯0)min = ΞKpi ×
(
1.36+0.18
−0.21
)× 10−6. (3)
Here we have included factorizable SU(3)-breaking cor-
rections, making their impact explicit through
ΞKpi =
[
fK0
0.331
0.258
fpi0
]2
; (4)
the numerical values for the B → K,π form factors fK,pi0
refer to a recent light-cone sum-rule analysis [8]. Com-
paring (2) and (3) with the experimental upper bound of
BR(Bd → K0K¯0) < 1.5×10−6 (90% C.L.), we concluded
that B¯0d → K0K¯0 should soon be observed.
In fact, the BaBar collaboration subsequently reported
the first signals, with the CP-averaged branching ratio
BR(Bd → K0K¯0) = (1.19+0.40−0.35 ± 0.13)× 10−6 [9]. This
is a very exciting measurement, as it establishes – for the
first time – a b→ d penguin process. The consistency of
the BaBar result [9] with (2) and (3) is a first successful
test of the SM description of the b → ds¯s FCNC pro-
cesses, although the current uncertainties are still large;
using the most recent data [10, 11], the numerical factors
in (2) and (3) are modified as (1.15+1.13
−0.77) × 10−6 and
(1.37+0.16
−0.20)×10−6, respectively. More powerful tests will
be possible in the future, where also the CP-violating
Bd → K0K¯0 asymmetries will play a key roˆle [5]; a spe-
cific new-physics analysis within the framework of super-
symmetry was very recently performed in [12].
Another important tool to explore the b → d penguin
sector is provided by B¯ → ργ modes (for recent analyses,
see [13, 14]). The current experimental picture of their
CP-averaged branching ratios is given as follows:
BR(B± → ρ±γ) <
{
1.8× 10−6 (BaBar [15])
2.2× 10−6 (Belle [16]) (5)
BR(Bd → ρ0γ) <
{
0.4× 10−6 (BaBar [15])
0.8× 10−6 (Belle [16]), (6)
where the upper bounds are at the 90% confidence level.
In the SM, these decays are described by a low-energy
2effective Hamiltonian of the following structure [17]:
Hb→dγeff =
GF√
2
∑
j=u,c
V ∗jdVjb
[
2∑
k=1
CkQ
jd
k +
8∑
k=3
CkQ
d
k
]
. (7)
Here the Qjd1,2 denote the current–current operators,
whereas the Qd3...6 are the QCD penguin operators, which
govern the decay B¯0d → K0K¯0 together with the penguin-
like contractions of Qcd1,2 and Q
ud
1,2. On the other hand,
Qd7,8 =
1
8π2
mbd¯iσ
µν(1 + γ5)
{
ebiFµν , gsT
a
ijbjG
a
µν
}
(8)
are the electro- and chromomagnetic penguin operators.
Using (7) and the Wolfenstein parametrization of the
CKM matrix [18], generalized to the next-to-leading or-
der in λ = 0.224 [19], we may write
A(B¯ → ργ) = cρλ3APργtc
[
1− ρργeiθργe−iγ
]
, (9)
where cρ = 1/
√
2 and 1 for ρ = ρ0 and ρ±, respectively,
A = |Vcb|/λ2, Pργtc ≡ Pργt − Pργc , and
ρργe
iθργ ≡ Rb
[Pργt − Pργu
Pργt − Pργc
]
. (10)
The Pργj are strong amplitudes, which have the following
interpretation: Pργu and Pργc refer to the matrix elements
of
∑2
k=1 CkQ
ud
k and
∑2
k=1 CkQ
cd
k , respectively, whereas
Pργt corresponds to −
∑8
k=3 CkQ
d
k. Consequently, Pργu
and Pργc describe the penguin topologies with internal
up- and charm-quark exchanges, respectively, whereas
Pργt corresponds to the penguins with the top quark run-
ning in the loop. Finally, Rb ∝ |Vub/Vcb| is one side of
the unitarity triangle [19]. Let us note that (9) refers
to a given photon helicity. However, the b quarks cou-
ple predominantly to left-handed photons in the SM, so
that the right-handed amplitude is usually neglected [20];
we shall return to this point below. Comparing (9) with
(1), we observe that the structure of both amplitudes is
the same. In analogy to ρKKe
iθKK , ρργe
iθργ may also be
affected by long-distance effects, which represent a key
uncertainty of B¯ → ργ decays [20, 21].
If we replace all down quarks in (7) by strange quarks,
we obtain the effective Hamiltonian for b→ sγ processes,
which are already well established experimentally [11]:
BR(B± → K∗±γ) = (40.3± 2.6)× 10−6 (11)
BR(B0d → K∗0γ) = (40.1± 2.0)× 10−6. (12)
In analogy to (9), we may write
A(B¯→K∗γ)= −λ
3APK∗γtc√
ǫ
[
1+ǫρK∗γe
iθK∗γ e−iγ
]
, (13)
with ǫ ≡ λ2/(1−λ2) = 0.053. Thanks to the smallness of
ǫ, the parameter ρK∗γe
iθK∗γ plays an essentially negligible
roˆle for the B¯ → K∗γ transitions.
Let us first focus on the charged decays B± → ρ±γ
and B± → K∗±γ. Here we obtain
BR(B± → ρ±γ)
BR(B± → K∗±γ) = ǫ
[
Φργ
ΦK∗γ
] ∣∣∣∣∣ P
ργ
tc
PK∗γtc
∣∣∣∣∣
2
HργK∗γ , (14)
where Φργ and ΦK∗γ denote phase-space factors, and
HργK∗γ ≡
1− 2ρργ cos θργ cos γ + ρ2ργ
1 + 2ǫρK∗γ cos θK∗γ cos γ + ǫ2ρ2K∗γ
. (15)
If we apply now the U -spin flavour symmetry of strong
interactions to these rare decays [22], which is a subgroup
of flavour SU(3) that relates down and strange quarks in
the same manner as the conventional isospin symmetry
relates down and up quarks, we obtain
|Pργtc | = |PK
∗γ
tc | (16)
ρργe
iθργ = ρK∗γe
iθK∗γ ≡ ρeiθ. (17)
Although (16) allows us to determine the ratio of the
penguin amplitudes |Ptc| in (14) – up to SU(3)-breaking
effects to be discussed below – we are still left with the
dependence on ρ and θ. However, if we keep ρ and θ as
free parameters, we may show that HργK∗γ satisfies
HργK∗γ ≥
[
1− 2ǫ cos2 γ +O(ǫ2)] sin2 γ, (18)
where the term linear in ǫ gives a shift of about 1.9%.
Concerning possible SU(3)-breaking effects to (17),
they may only enter this tiny correction and are negli-
gible for our analysis. On the other hand, the SU(3)-
breaking corrections to (16) have a sizeable impact. Fol-
lowing [13, 14], we write
[
Φργ
ΦK∗γ
] ∣∣∣∣∣ P
ργ
tc
PK∗γtc
∣∣∣∣∣
2
=
[
M2B −M2ρ
M2B −M2K∗
]3
ζ2, (19)
where ζ = Fρ/FK∗ is the SU(3)-breaking ratio of the
B± → ρ±γ and B± → K∗±γ form factors; a light-cone
sum-rule analysis gives ζ−1 = 1.31 ± 0.13 [23], to be
compared with the result ζ−1 = 1.1±0.1 of a preliminary
lattice analysis [24]. Consequently, (18) and (19) allow
us to convert the measured B± → K∗±γ branching ratio
(11) into a lower SM bound for BR(B± → ρ±γ) with the
help of (14). If we use the SM range γ = (65 ± 7)◦ [6]
and ζ−1 = 1.31± 0.13 [23], we obtain
BR(B± → ρ±γ)min =
(
1.02+0.27
−0.23
)× 10−6. (20)
A similar kind of reasoning holds also for the U -spin
pairs B± → K±K,π±K and B± → K±K∗, π±K∗. In
the former case, the factorizable SU(3)-breaking effects
are governed by (4). In the latter case, following [8], the
form factors fK,pi+ enter. However, because of f
P
+ = f
P
0 ,
3we arrive again at (4). Using then the experimental
results BR(B± → π±K) = (24.1 ± 1.3) × 10−6 and
BR(B± → π±K∗) = (9.76+1.16
−1.22)× 10−6 [11], we obtain
BR(B±→K±K)min = ΞKpi ×
(
1.69+0.21
−0.24
)×10−6 (21)
BR(B±→K±K∗)min = ΞKpi ×
(
0.68+0.11
−0.13
)×10−6.(22)
In the case of B± → K±K, the lower SM bound is very
close to the experimental upper bound of 2.4× 10−6 [9],
whereas the upper limit of 5.3× 10−6 for B± → K±K∗
still leaves a lot of space. Obviously, we may also con-
sider the B± → K∗±K, ρ±K system. Using the B → V
form factors obtained in [23] to deal with the factorizable
SU(3)-breaking effects, we arrive at
BR(B± → K∗±K)
BR(B± → ρ±K) ≥ Ξ
K∗
ρ ×0.084×
[
1− 2ǫ cos2 γ] sin2 γ,
(23)
with
ΞK
∗
ρ =
[
AK
∗
0
0.470
0.372
Aρ0
]2
. (24)
Although the individual form factors are very different,
(24) yields essentially the same correction as (4). Since
only the upper bound of BR(B± → ρ±K) < 48 × 10−6
is available, we may not yet apply (23).
Let us now turn to B¯0d → ρ0γ, which receives contri-
butions from exchange and penguin annihilation topolo-
gies that are not present in B¯0d → K¯∗0γ; in the case of
B± → ρ±γ and B± → K∗±γ, which are related by the
U -spin symmetry, there is a one-to-one correspondence
of topologies [20]. Making the plausible assumption that
the topologies involving the spectator quarks play a mi-
nor roˆle, and taking the factor of cρ0 = 1/
√
2 in (9) into
account, the counterpart of (20) is given by
BR(Bd → ρ0γ)min =
(
0.51+0.13
−0.11
)× 10−6. (25)
If we compare the lower SM bounds in (20) and (25)
with the current experimental upper bounds in (5) and
(6), respectively, we observe that they are remarkably
close to one another. Consequently, we expect that the
B¯ → ργ modes should soon be discovered at the B fac-
tories. The next important step would then be the mea-
surement of their CP-violating observables.
The authors of [13, 14] followed a different avenue to
confront the experimental bounds in (5) and (6) with
the SM, converting them into upper bounds for the side
Rt ∝ |Vtd/Vcb| of the unitarity triangle [19]. To this
end, they use also (19), and calculate the CP-conserving
(complex) parameter δa entering ρργe
iθργ = Rb [1 + δa]
with the help of QCD factorization. The corresponding
result, which favours a small impact of δa, takes leading
and next-to-leading order QCD corrections into account
and holds to leading order in the heavy-quark limit [14].
However, in view of the remarks about possible long-
distance effects made above and the B-factory data for
the B → ππ system, which indicate large corrections to
the QCD factorization picture for non-leptonic B decays
into two light pseudoscalar mesons [7, 25], it is not ob-
vious to us that the impact of δa is actually small. The
advantage of our bound following from (18) is that it is
– by construction – not affected by ρργe
iθργ at all.
Interestingly, the lower bounds for the CP-averaged
B± → K(∗)±K(∗) and B → ργ branching ratios dis-
cussed above are actually realizations of a general bound
that can be derived in the SM for b → d penguin pro-
cesses. Let us consider such a decay, B¯ → f¯d. In analogy
to (1) and (9), we may then write
A(B¯ → f¯d) = A(0)d
[
1− ρdeiθde−iγ
]
, (26)
so that the CP-averaged amplitude square takes the form
〈|A(B → fd)|2〉 = |A(0)d |2
[
1− 2ρd cos θd cos γ + ρ2d
]
.
(27)
In general, ρd and θd depend on the point in phase space
considered. This has the implication that the expression
BR(B → fd) = τB
[∑
Pol
∫
dPS 〈|A(B → fd)|2〉
]
(28)
for the CP-averaged branching ratio, where the sum runs
over possible polarization configurations of fd, does not
factorize into |A(0)d |2 and [1−2ρd cos θd cos γ+ρ2d] as in the
case of the two-body decays considered above. However,
if we keep ρd and θd as free, “unknown” parameters at
any given point in phase space, we obtain
〈|A(B → fd)|2〉 ≥ |A(0)d |2 sin2 γ, (29)
which implies
BR(B → fd) ≥ τB
[∑
Pol
∫
dPS |A(0)d |2
]
sin2 γ. (30)
We consider now a b → s penguin process B¯ → f¯s,
which is the counterpart of B¯ → f¯d in that the cor-
responding CP-conserving strong amplitudes can be re-
lated to one another through the SU(3) flavour symme-
try. In analogy to (13), we then have
A(B¯ → f¯s) = −A
(0)
s√
ǫ
[
1 + ǫρse
iθse−iγ
]
. (31)
If we neglect the term proportional to ǫ in the square
bracket, we arrive at
BR(B → fd)
BR(B → fs) ≥ ǫ
[∑
Pol
∫
dPS |A(0)d |2∑
Pol
∫
dPS |A(0)s |2
]
sin2 γ. (32)
Apart from the tiny ǫ correction, which gave a shift of
about 1.9% in (18), (32) is valid exactly in the SM. If we
now apply the SU(3) flavour symmetry, we obtain∑
Pol
∫
dPS |A(0)d |2∑
Pol
∫
dPS |A(0)s |2
SU(3)F−→ 1. (33)
4Since, in the SM, sin2 γ ∼ 0.8 is favourably large and
the decay B¯ → f¯s will be measured before its b → d
counterpart – simply because of the CKM enhancement
– (32) provides strong lower bounds for BR(B → fd).
It is instructive to return briefly to B → ργ. Looking
at (32), we observe immediately that the assumption that
these modes are governed by a single photon helicity is no
longer required. Consequently, (20) and (25) are actually
very robust with respect to this issue, which may only
affect the SU(3)-breaking corrections to a small extend.
We may now also complement the bounds in (21)–
(23) through the B± → K∗±K∗, ρ±K∗ system, where
we have to sum in (32) over three polarization con-
figurations of the vector mesons. The analysis of the
SU(3)-breaking corrections is now more involved. How-
ever, if we expand in Mρ/MB and MK∗/MB, and use
the form-factor relation AV3 = A
V
0 [23], we find that the
factorizable corrections are described to a good approx-
imation by (24). Using then the very recent result of
BR(B± → ρ±K∗) = (9.2± 2.0)× 10−6 [11], we obtain
BR(B± → K∗±K∗)min ≈ ΞK
∗
ρ ×
(
0.64+0.15
−0.16
)×10−6; (34)
the current experimental upper bound reads 71 × 10−6.
Interestingly, (34) would be reduced by ∼ 0.6 in the strict
SU(3) limit, i.e. would be more conservative. A similar
comment applies to (2), (3) and (21)–(23). On the other
hand, the B → ργ bounds in (20) and (25) would be
enhanced by ∼ 1.7 in this case. However, here the the-
oretical situation is more favourable since we have not
to rely on the factorization hypothesis to deal with the
SU(3)-breaking effects as in the non-leptonic decays [5].
Another interesting application of (32) is offered by de-
cays of the kind B¯ → πℓ+ℓ− and B¯ → ρℓ+ℓ−. It is well
known that the ρd terms complicate the interpretation
of the corresponding data considerably [21]; our bound
offers SM tests that are not affected by these contribu-
tions. The structure of the b → dℓ+ℓ− Hamiltonian is
similar to (7), but involves the additional operators
Q9,10 =
α
2π
(ℓ¯ℓ)V,A(d¯ibi)V−A. (35)
The b→ s counterparts of these transitions, B¯ → Kℓ+ℓ−
and B¯ → K∗ℓ+ℓ−, were already observed at the B
factories, with branching ratios at the 0.6 × 10−6 and
1.4 × 10−6 levels [11], respectively, and received a lot
of theoretical attention (see, for instance, [26]). For
the application of (32), the charged decay combinations
B± → π±ℓ+ℓ−,K±ℓ+ℓ− and B± → ρ±ℓ+ℓ−,K∗±ℓ+ℓ−
are suited best since the corresponding decay pairs are
related to each other through the U -spin symmetry [22].
We strongly encourage detailed studies of the associated
SU(3)-breaking corrections to (33) and are confident that
we will have a good picture of these effects by the time
the B± → π±ℓ+ℓ−, ρ±ℓ+ℓ− modes will come within ex-
perimental reach.
Should the b → d penguin decays actually be found
in accordance with the bounds derived above, as in the
case of B¯0d → K0K¯0, we would have a first confirma-
tion of the SM description of the corresponding FCNC
processes. On the other hand, it would be much more
exciting if some bounds should be significantly violated
through the destructive interference between NP and SM
contributions. As the various decay classes are governed
by different operators, we may well encounter surprises.
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